Abstract-A situation in which a diffusion flame reaches an end at some position in a medium of non-premixed reactants is studied. The mixing of reactants that takes place ahead of the diffusion flame leads to the formation of a "triple-flame", a structure which consists of a fuel-rich premixed flame, a fuel-lean premixed flame. and a diffusion flame that starts where the two premixed flames meet. An important property of such an end-point is its ability to propagate. The limits oflow heal release. unit Lewis number and large Zel'dovich number are considered. The structure of the triple-flame and the unique relationship between propagation speed and transverse mixture fraction gradient are computed numerically. For the range of values considered here. the end of the diffusion flame is shown to extend itself at a rate that can be substantially reduced. but that remains positive as the gradient of the mixture fraction is increased.
INTRODUCTION
The burning of initially separate streams of a fuel and an oxidant has been known for a long time to take the form of a diffusion flame located around an interface where reactants mix in stoichiometric proportion (Burke and Schumann, 1928) , Mathematically, this relatively passive combustion interface can normally be analysed as a one-dimensional problem, depending only on a co-ordinate normal to the diffusionflame surface, as in the work of Clarke (1971) and Lifian (1974) . Even in situations that are not strictly one-dimensional (such as the study of turbulent non-premixed combustion), one can often usefully reduce the problem to the study of one-dimensional diffusion flames. This is done, for example, in "laminar flamelet" modelling of turbulent diffusion flames (Peters, 1984) . These one-dimensional analyses typically reveal such fundamental features of diffusion flames as ignition and extinction limits, denoting parameter boundaries beyond which only burning or non-burning steady solutions can exist (Lifian, 1974) .
However, in more than one dimension a richer picture becomes possible, As reproduced in Figure I , Phillips (1965) observed a flame-structure in an experimental mixing layer between methane and air that contains elements of both premixed and diffusion flames, a structure that has become known as a "triple-flame". It consists of a fuel-rich premixed flame branch that leaves a residue of unburnt fuel behind it, a fuel-lean branch that leaves unburnt oxidant, and a diffusion flame that starts where both premixed branches meet. The diffusion flame branch continues a diffusioncontrolled burning of whatever fuel and oxidant remain behind the two premixed flame branches. Away from the leading end of the triple flame, these premixed branches become progressively weaker as they move further from the diffusion flame into regions of weakening mixture-strength, ultimately becoming practically insignificant.
A triple-flame may be thought of as dividing a non-burning part of a mixing layer (between fuel and oxidant) from a part where more-or-Iess one dimensional burning of a diffusion flame predominates. In this sense it describes the typical structure of an open "end" of a diffusion flame (excluding diffusion-flames that end at an impermeably boundary). On the burning side of a triple-flame, fuel and oxidant are unable to mix without being mutually annihilated by chemical processes, while on the other non-burning side, temperatures are typically low enough for reactants to be able to mix without appreciable reaction.
Most significantly, the premixed flames impart the ability to propagate to an end of a diffusion flame so that, whenever it advances. the triple flame serves to initiate or to spread a diffusion flame along a mixing layer.
Triple-flames may be found in a variety of possible circumstances, generally involving non-uniformly premixed combustion. As in the work of Phillips (1965) , for example, it may initiate the burning of a buoyant layer of light gaseous fuel. It may be found in flame-spread over vapourising liquid fuels, such as diesel droplets or volatile combustible pools, or it may occur within a flow of mixing gases, as would be found behind a splitter-plate separating incoming streams of fuel and oxidant. Triple-flames may also arise in strained flows, such as may be formed through a counterflow geometry (Ishizuka, 1986) . Interestingly, the propagation speed of a triple-Ilame in strained Ilow can become negative for large enough strain-rates (Dold, 1991) , representing the propagation of an extinction front along a diffusive interface rather than a front that initiates combustion.
In a turbulent non-premixed system, an end of a diffusion flame would arise whenever a local flow strain-rate becomes large enough to cause a diffusion flame to extinguish at some point. This would cause a "hole" to open in at least some region of the diffusion Ilame sheet (Williams, 1985) . This situation leads naturally to a two-dimensional "laminar triple-flumclet" analogue of the one-dimensional "laminar flamclct" model of turbulent combustion (Peters, 1984) . Such a model can be used to predict the manner in which any holes in a diffusion flame would respond dynamically to a localilow field, and is discussed by Dold et al. (1991) . For example, this response may vary between some degree of incomplete burning and a complete extinction of the combustion.
The article by Dold et al. (1991) outlines the background to many of the ideas that are currently being developed concerning the role and behaviour of triple-flames. In particular, this article makes it clear that a great deal of theoretical work remains to be done in obtaining solutions that describe the structure and propagation of triple flames. In fact, since the pioneering work of Phillips (1965) , the first numerical descriptions of triple-flame structures have appeared only comparatively recently (Savas and Gollahalli, 1986; Chen and T'ien, 1986; Ohki and Tsuje, 1986) .
Asymptotic descriptions, based on large activation energy asyrnptotics, have also now appeared (Dold, 1988 (Dold, , 1989 (Dold, , 1991 Savas and Gollahalli, 1986; Wichman, 1989) . These analyses make it clear that the most significant factor that controls the shape and propagation speed of a triple-flame is the gradient of the mixture fraction encountered at the leading end of the flame. In cases where this gradient is very small indeed, the premixed flame branches become only very weakly curved and behave, at any point, as if they were locally planar. Any small part of the premixed flames therefore propagates in a normal direction at the laminar flame speed that is appropriate to the local value of the mixture properties.
In the papers by Dold (1988 Dold ( , 1989 , increased gradients of the mixture fraction were considered for cases in which flame curvatures playa small but non-vanishing role in determining the properties of a triple flame. Solutions could then be obtained in terms of an asymptotic expansion for "small" mixture-fraction gradients. At still larger gradients, these expansions lose accuracy once the radius of curvature of the premixed flames becomes as small as the thickness of the preheating regions of the premixed flame branches.
This article is concerned with obtaining solutions that describe these more rapidly varying triple flames. For this purpose, a simple small heat release model is used, taking Lewis numbers for both fuel and oxidant to be unity. The chemistry is taken to be described by either one of two examples of one-step Arrhenius reaction at large activation energy, although the analysis makes it clear that any more general model that produces a reaction-zone and preheat-zone structure could be used. With this, we find that the propagation speed of the resulting triple flames remains positive for all mixture-fraction gradients that produce preheat-zone thicknesses and flame radii of curvature of similar magnitudes. In a separate paper (Dold, 1991) , it is shown that zero or negative propagation speeds become possible only for still more strongly curved triple flames, as may be found in strained flow.
MODEL
Consider a single-step irreversible reaction between a fuel F and an oxidant X, I'FF + I'xX -+ I'pP, in which I'F molecuels of fuel combine with VI" molecules of oxidant to produce I'p molecules of the product P, proceeding at a rate of the Arrhenius form and A exp ( -£1 RT).
(I)
In this, A is the constant molecular frequency factor, £ is the activation energy, R is the universal gas constant, and ii is the density. The mass fraction of a species IE {F, X}, is represented by r;. The superscript -is used to denote a dimensional quantity. Suitable equations describing the consumption of reactants and evolution of heat in a Low Mach number flow are
where W, is the molecular weight and D, is the diffusion coefficient of the species I; c, is the constant specific heat at constant pressure, Qis the molar heat of reaction. and J: is the thermal conductivity of the mixture. Fuel and oxidant may be considered to originate from separate streams, each containing mass-fractions Yl;n and Y xo of fuel and oxidant, respectively, at the respective~myerat~res T,u and Tro.
If we adopt a low-heat release model (CpT~Q) to describe the evolution of temperature then it is justifiable to take the quantities p, 1., D" c, and Q to be constant, and the velocity to be a specified solenoidal field. In doing so, attention is concentrated on the effects of diffusion and convention on the chemistry without the added complexity of any changes in the local flow field generated by thermal expansion. The model can be extended to include density and pressure changes, with an analogous treatment to that presented below, simply by adding a suitable equation of state and a momentum equation.
It is instructive to identify "conserved scalars" which are related linearly to the element atoms and to the total energy. Such quantities are fundamentally unchanged by chemical action. The mixture fraction of fuel Z and the specific enthalpies H, and fix arc such quantities (Williams, 1985; Peters, 1983) , being obtained by elimination of the reaction rate terms in Eqs. (2) as follows:
The mixture is stoichiometric, containing v, molecules of fuel to every I'x molecules of oxidant, when Z takes the value S. Since fuel is excluded from the original oxidant stream, and likewise oxidant is excluded from the original fuel stream, Eq. (3) can be seen to define a mixture fraction Z that varies between 0 and I. In the most general case where species and heat do not have equal diffusitivities it is convenient to pose the problem in terms of (say) Z, H, and T. Such a formulation still leads to source terms for Z and HI" as follows:
where K represents the thermal diffusitivity, K = J:/(pC p ) .
This more general case will not be considered here. Instead attention will be restricted to the mathematically simpler case of species and heat being equidiffusive. 
Where the mixture is stoichiometric, the reaction reaches completion when both y,.
and Yx vanish simultaneously and f attains its upper bound r; It can be seen from
Using this maximum value for temperature, it is now convenient to define a dimensionless temperature T that varies between 0 and I such that tit, = I -(I -T)rx, in which a is the heat release ratio (f s-fo)/f s. As has already been mentioned, the model may be simplified considerably by assuming that a is small. For a specified uniform flow V of reactant parallel to the x-axis a reference length-scale may be defined as VCpPs/'X s, where Ps and ' X s are the density and thermal conductivity evaluated at the flame temperature at completion r, and at ambient pressure. The following steady dimensionless model equations may then be derived (Dold, 1989) :
.
Here 13 represents the Zel'dovich number 13 = aE/(Rf s) which we assume to be large, 13~I. This limit reflects the large sensitivity to temperature changes of many realistic combustion reactions. The dimensionless flow velocity V that appears in Eq. (8) is
Since the mixture fraction of either reactant can never take a negative value the following inequality for dimensionless temperature can be deduced from Eqs. (8) . {2 I -2}
T~min s'"I="S~I.
(10)
The strong sensitivity of the reaction rate to changes in temperature inhibits any reaction chemistry from taking place except in regions where T is close to its upper bound of unity. Equations (8) reveal that in such regions the reaction rate .rJf will be large, unless both the mixture fractions of fuel and oxidant are asymptotically small. Hence in calculating the properties of the triple-flame, it is clear from Eq. (10) that all the important reaction zone structure must occur where 2 is in the proximity of its stoichiometric value S. Thus 2 may be approximated locally by 2 = S + BylfJ + O(B'lfJ'), (I I ) where B = fJ2,.s and 2,s is the transverse gradient of 2 at the stoichiometric boundary at the leading edge of the triple-flame. The coordinate y is chosen to be measured orthogonal to the diffusion flame surface. being directed into the fuel stream. with the origin y = 0 corresponding to 2 = S. The coordinate .v is measured along the diffusion Ilame. As an extension to the slowly varying analysis of Dold (1989) for combustion downstream from a splitter plate that separates two incoming streams of reactant that are blown at equal constant speeds (Dold, 1988) .
More general (i.e., non-parallel) flow-fields may also be modelled by Eqs. (8) provided the flow deviates by only a small amount from being parallel. For example, in modelling a counterflow situation in which fuel is blown from above and oxidant from below, it should be necessary to add a converging strain-rate term -11(Y -yo)2,. to the left hand side of the first of Eqs. (8), with 11 denoting the converging strain component in the flow-field. With uniformity in the .v-direction, one then obtains the exact solution 2 = 2(y) = t erfc (Ja72[yo -yD, ( 12) in which Yo is determined by the requirement that 2(0) = S. For a strain rate 11 = O(fJ-'), it can thus be seen that solutions would be obtained in the form of Eq. (II). Moreover. because 11 is small (when fJ~I), the corresponding convective term -11(y -yo)T, in the second of Eqs. (8) can be neglected. It plays no significant role in this local analysis, Counterflow situations of this type are often considered to mimic the strained conditions that are to be found in a turbulent flow-field (Williams, 1985; Peters. 1984 ). In such a context, the model (8) would then be of relevance whenever the dimensionless transverse strain rate 11 (and any other flow-field components, such as shear) are relatively small in comparison to the positive dimensionless propagation speed Vol' the triple flame (Dold, 1991) .
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Diffusion Flame
In the region of hot unburnt reactants downstream of the premixed flames the temperature is everywhere within an order p-I decrement of unity. The dominant feature of this region is that the reaction is close to equilibrium. That is fuel and oxidant diffuse into a flame-sheet (positioned at y = 0) at rates which are in stoichiometric proportion. A suitable asymptotic form for the temperature with which to study the equilibrium structure of the diffusion flame is T~I -p-I <Ph (By, x) . This leads to the following algebraic expression and solution
which has a discontinuous derivative at the stoichiometric boundary y = O. For {i infinite both reactants are completely consumed and temperature reaches unity exactly at the infinitesimally thin flame-sheet. However, for p large but finite, a near-equilibrium perturbation is introduced. Fuel and oxidant are then present simultaneously in the broadened flame-sheet which has a thickness of order (i-m, for
The corresponding temperature deviation from equilibrium is of order p-(1 +m,. This inner non-equilibrium structure of the diffusion flame is given by T~I -p_,m+ I) s.c: where ( = ypm, for which 4>h (O satisfies ( 14) subject to the matching condition, 4>h~fh(BO as ( --> ± CYJ. This equation has a well known solution, namely the Burke-Schumann flame-sheet (Burke and Schumann, 1928; Williams, 1985) .
Premixed Flames
The whole system is taken to be uniform in the direction of the:: coordinate, so that the premixed flame-sheet may be presented in a complex form by x + iy = W(~) (for any suitable parameter~). The complex function W(~) = X(~) + iY(~) is taken to trace out the path of the region of strongest reaction (or the reaction-zone) of the combined premixed flames as~varies. It is instructive to introduce a real coordinate r, E 9i that is locally normal to the flame-path (at which r, == 0). This may be defined by x + iy = W + iW,r,/{i, where W, is the complex tangential direction, W'W/ IW' (~)I. If We¢) moves in a clockwise direction around the diffusion flame region as increases, then r, increases in moving into the unburnt regions ahead of the premixed flames.
With r, scaled in this way, the temperature distribution within the reaction region of the premixed flames is found to be described locally by the expansion T~I -(i-I fer"~y), for order one values of n, The reaction-zone perturbation f then satisfies the equation
In order for solutions to match with the results describing the diffusion flame region behind the premixed flames, this equation must be solved subject to the condition that 
The reaction-rate term in Eq. (8) becomes exponentially small in value in the preheating region of the premixed flames, where T is strictly less than unity. Neglecting this term leads to the outer asymptotic description of temperature in the preheat zone T~T., (x, y) giving ( 18) The effect of reaction chemistry on this outer problem only arises through the requirement that T;, should match with the temperature field of the reaction zones of the premixed flames. For this purpose, the gradient jump condition (16) is sufficient. Referred to temperature T;, and length scales x and y that are typical of the preheating region, it provides a jump condition in the temperature gradient normal to the premixed flame sheet. Since r, must tend to zero in the burnt region behind the premixed flames, characterised by the temperature perturbation r h , it follows that
Alternatively, this condition may be written as
[IV 'T;,(x(y) ,
n Ol+__===--_~=-_----",~~_---== __-==~_~By It is worth noting at this stage that the reaction zone jump function n has been determined only from the reaction scheme (I) that was chosen to model the chemistry.
Similarly, one may expect that an alternative function n may also be obtainable for modelling a variety of systems involving more complicated chemical processes. Because the remainder of this examination of triple-flame structures depends only on the function n, this makes the analysis applicable to a wider range of possible chemical schemes.
Further boundary requirements for T,, (x, y) in the preheat zone arise from the facts that T tends to zero far ahead of the premixed flames, and that T tends to a maximum value of I -O({1-I), as n tends to zero (since temperature changes along the reactionzone of the premixed flame-sheet are comparatively small). Together with conditions (19) and (20), this outer asymptotic problem amounts to solving Eq. (18) subject to the boundary conditions
Equation (18) has a well known Green's function, or solution for point sources of heat (Carslaw and Jaeger, 1959) . Given a heat source positioned at a point on the flame-path (X( y), y) emitting heat at a rate q per unit time the appropriate steady solution for temperature at (.\:, Y) that vanishes at infinity is
where
in which K o is the zeroth order modified Bessel function of the second kind. To obtain the full outer temperature distribution T" an integration must be performed over the flame-path (x( y), y) for a suitable distribution of sources q over the path. Thus the Green's function (22) leads to the integral equation
The source strength q( y) can be determined by using condition (20) . A local analysis of Eq. (23) In the remainder of this section, we present a numerical technique for finding both the propagation speed V and the flame shape (X, Y).
Numerical Method
The first difficulty that arises in producing a discrete representation of the integral Equation (29) is now in a suitable form to be solved numerically. In view of the non-linearity of F as a function of the flame shape, iterative methods were chosen in preference to more direct methods of obtaining solutions. For this purpose it is necessary to select a suitable initial guess for the flame path. One convenient choice for this was found to be given by an asymptotic analysis for small B as presented by Dold (1989) . For improved accuracy, a discrete representation of this path is then chosen in such a way that points are relatively more concentrated near the important front end of the flame. This representation can then be improved iteratively in such a way that Eq. (29) becomes more and more closely satisfied at each iteration.
For a discretisation containing N points Eq. (29) provides only N equations in the
2N unknown quantities X(~) and Y(O).
However by only stepping flame-points iteratively in the direction that is locally normal to the discretised estimate of the name-path, the number of unknowns is restricted to N. In performing this iteration, the distance by which any point is advanced at any stage is taken to be proportional to a suitable residue calculated from Eq. (29). . It should be noted that the problem, as posed in Eqs. (18) and (21) or the integral or quadrature representations (26) or (29), is invariant to translation in the x direction. That is, the addition of a constant to X(~) produces another solution for the flame-path. In order to obtain a unique numerical solution, it therefore becomes necessary to normalise the problem by (say) fixing one point on the flame-curve. Supposing that a point~=~o near the leading end of the triple-flame is fixed, Eq. (29) then represents a system of N equations for the remaining N -I unknown flamepoints. The final unknown quantity is precisely the propagation speed V which, in fact, is determined at each iteration by the necessary condition that the residue at the fixed point must be exactly zero (for the point to remain fixed).
An initial discretisation of the flame curve is obtained from the asymptotic expression for small B (Oold, 1989) where y = Yo is the position of the maximum value of Q(By) for a given value of S. Taking (0, Yo) to be the leading position on the flame surface, a sequence of points (X(~), Y(~» can be generated by stepping from point to point in the direction determined by this asymptotic expression.
In doing this, a fairly simple way of determining an initial distribution of numerical points is produced by setting the size of increment in Y to be
where h is a "small" step-size parameter and -a is a negative exponent with a < a < I (say a = 0.5). It can thus be seen that the step-size in Y is h near the leading end of the asymptotic flame path (at Y = Yo) and decreases monotonically as IY -Yol increases. However, while the step-size in X is initially zero near the leading end, it increases monotonically as IY -Yol increases. In this way, if h is moderately small, we have a small arc-length step-size near the front of the flame, while the step-size increases into the "tail" regions of the premixed flames. Because it is the region of strongest reaction (near the front of the flame) that is found to matter most in determining the properties of the triple-flame, this manner of point distribution typically serves to concentrate points where they are most needed.
It remains to outline the manner in which residues are obtained from the discretised Eq. (29). Two different approaches were considered.
Flame-strength residues
The first iterative scheme that was implemented exploits the linearity of the flame-strength n/ V given any iterated flame path (Xi(~)'
Y,(O).
The error in the iterated curve is measured by numerically solving the matrix problem at the i-th iteration
using an "exact" matrix factorisation routine, to obtain values of U;(~) at any point . To present a suitable residue to be used for iterating the flame-path these computed values are then compared to the values n(By,(~))/V, which would exactly correspond to the values of U; at a correct flame-path solution.
Although the values of n(BY,(~)) are known at each point, the eigenvalue flamespeed V is not known. However, in the values of n(By,(~))/V, V acts as a scaling factor that can be assigned an appropriate iterative value V, at each step. As outlined earlier, this is done by normalising the flame position such that the point (0, Yo) remains on the flame-path. Thus (0, Yo) is selected as a reference point (at say~=~o) that remains fixed for all iterations. This requires that V, should be assigned a value which sets any residue at that point to be precisely zero. That is (35) Having obtained this value for V" points on the numerical flame-path are then advanced, along the local outward normal to the path, by the distance (36) for some constant C,. In order to maintain numerical stability, care needs to be exercised in selecting a value for the coefficient C" appropriate limits for which are discussed in Appendix A.
Temperature residues
The second approach relies on directly evaluating the summations
for a given iterated flame path (Xi' Y;) and a known function n(B Y). Being a straightforward summation, this requires no matrix manipulation and so is typically quicker than the first approach discussed above. From Eqs. (29) it is clear that, for a correct flame-path solution, the values of .:1;(0 would all exactly equal the constant V.
Again, the point at (0, Yo) may be fixed by selecting an iterated value for the flame-speed of (38) As before, this ensures that the point (0, Yo) has zero residue and so remains unchanged at each iteration. An improved approximation to the full flame-path solution of Eq. (29) is then obtained by moving each point in its normal direction by an increment C 2 x {.:1;IJI, -I}. (39) Limits on the value of C 2 for numerical stability are also discussed in Appendix A.
It should be noted that, in both of these methods, the first term that appears in the summation of Eq. (29), for~#~, is summed only over points that are involved in the discretisation. However, the following term containing, is most usefully summed over an extended series of discretisation points. This latter sum is performed by extending c, for a given Z, until the maximum value of, = IW'I(~-~) is sufficiently large for the sum to be effectively infinite-for example, r = 4 gives exp ( -,2) In
As a useful cross-check, the results obtained using both of these numerical schemes (iterated to convergence) were compared against each other and found to agree to within the level of overall numerical accuracy. The results were also tested for their sensitivity to changes in numerical parameters, namely the initial arc-length step size II and the value of x beyond which the discretisation was terminated-normally with a fixed at t. Suitable typical values for II were found to lie around 0.1, when B~I, and to decrease inversely with Bas B increases. A value of around 15 was found to provide a suitable termination maximum for x for all order one values of B. Varying these parameters by order one factors typically caused deviations in the calculated propagation speed V(B, S) of around 10-5 in magnitude. Similar behaviour was obtained using both numerical approaches.
Finally, once a converged solution was obtained for a given value of B and a known function n, the same solution was normally used to continue the iteration towards a solution for any slightly different value of B. That is, rather than restarting the iteration from another asymptotic estimate based on Eqs. (31) to (33)-which is only satisfactory when B is small, the numerical solution itself was used to produce a starting estimate for the new value of B. In doing this, a rescaling of the flame path was performed in such a way that values of both Y(~) and X(O were varied in inverse proportion to the value of B. It is easily seen that such a scaling is consistent with the asymptotic estimate (31). It is also, typically, found to fit in well with the full numerical solutions, as illustrated later in Figure 4 (b). By proceeding in this way solutions could be generated for any value of the mixture stratification factor B.
Results
Examples of some numerically computed premixed flame profiles of triple-flames are shown in Figure 3 Figure 4(a) shows the change in the premixed flame paths as the mixture fraction gradient increases (B increases). The case chosen for demonstration is the symmetric example of a two-body reaction with S = 1/2. From this it can be seen that, while the smallest radius of curvature of any premixed flame path remains of the same order of magnitude as a typical preheat-zone thickness (order one in the current model) for all order ones values of B, the curves vary more and more sharply near their front end as the mixture-fraction gradient is increased. Clearly a primary reason for this behaviour must lie in the fact that the range of values of y over which the chemical strength function n varies is inversely proportional to the value of B. In Figure 4 (b), this point is illustrated by stretching the vertical and horizontal axes to present flame paths for BY and BX rather than the normal physical co-ordinates Yand X. It can be seen from this that the curvature increases very nearly in proportion to B, although slightly more quickly. With this scaling, the curves are brought much closer together, confirming that the dominant influence on the shape of the premixed flame-paths is the form and range of variation of n. that increasing values of B can be associated both with a decrease in the radius of curvature of the leading end of the premixed flame-paths and a monotonic decrease in the propagation speed. On physical grounds, these two effects are likely to be connected-a sharper leading end of a triple-flame (found for larger values of B) is less effective at injecting heat via conduction into the region ahead of it. Equivalently, it tends to suffer increased conductive heat losses. Because increased "convective speeds" V would also result in increased heat losses, this effect must be compensated by a reduction in the propagation speed V. Also evident in Figures 5 and 6 is a reduced dependence of Von the stoichiometric parameter S as B increases. The nature of this reduction can be illustrated conveniently by the normalisation shown in Figure 7 . In this, the ratio of values of V for a given value of S, to the values obtained for S = 1/2 (when n attains its overall maximum value for the two-body reaction), are compared with unity. While this shows that propagation speeds become very similar for all values of S, the curves seem to maintain a small but distinct difference at all finite values of B. Figure 8 (a) shows a comparison between the "exact" numerically calculated values of V and an asymptotic expression for the propagation speed for small values of B predicted by Dold (1989) . The latter takes the form
1-V(B,S)/V(B,1/2)
In which Va, VI and V, are order one constants that depend only on the properties of the reaction-strength function n near its maximum value. Formulae for each of these constants, that are appropriate to the expressions (17) for n, were found by Dold (1989) . For the limit in which B becomes large (Ii~B~I), the paths of the premixed flames shrink onto a thin region enclosing the diffusion flame, as demonstrated by Figure 4 (a). Appendix B describes how an asymptotic expression for the propagation speed in this limit may be obtained. The appropriate asymptotic relation is found to be
where L is a constant of proportionality depending upon the value of S and the reaction function n. 
CONCLUSIONS
This work has significantly extended previous asymptotic models of triple flames beyond the "slowly-varying" analysis of Dold (1989) into a regime of increased transverse mixture fraction gradient. A non-linear integral equation has been derived for the shape of the premixed flames, which contains the triple-flame propagation speed as a scaling factor. The two main constituents of this equation are a Green's function derived from the appropriate convection-diffusion equation, and a reactionzone jump function (or reaction strength) which is determined by the model of the chemical reaction scheme. Two different numerical iterative schemes were developed to solve this integral equation in order to obtain the flame shapes and propagation speeds for selected model reactions. Both numerical schemes yielded solutions only for particular eigenvalue propagation speeds once the mixture fraction gradient and a stoichiometric parameter had been fixed. The flame-shape was also uniquely determined as a function of the same parameters. A strong correlation has been identified between the relative magnitude of the reaction strength, at any point on the premixed flame sheet, and the alignment of the flame at that position. When the reaction strength is close to its maximum, the flame propagates in an almost normal alignment to the oncoming stream of reactants, whereas for very small values of the reaction strength, the flame propagates in an almost transverse direction. It was found numerically that the radius of curvature at the leading edge of the premixed flame-path decreases as the mixture fraction gradient increases. This is mainly due to the fact that the reaction strength falls away more rapidly (in space) for larger values of the mixture fraction gradient.
It has been demonstrated that the propagation speed decreases to values well below the adiabatic laminar flame speed as the mixture fraction gradient near the stoichiometric boundary is increased. The results suggest, however, that only positive speeds can be generated using the asymptotic range of values of B considered above. In order to obtain negative propagation speeds it is necessary to consider values of B of order (J, as described by Dold et al. (1991) . Unlike the behaviour for the range of values or B studied here, the reaction zones of the premixed flames are then restricted to only a thin region near the diffusion flame.
APPENDIX ANUM ERICAL STABILITY
In using either of the numerical schemes outlined above it is a sensible aim to take reasonably large iteration step sizes in order to converge to a solution in an optimal minimum number of iterations. However, by taking large enough step sizes, one runs the risk of introducing numerical instabilities. In order to investigate this, a model stability analysis of both of the schemes outlined in section 5. I proves very informative. Such an analysis leads to sensible expressions for upper bounds to be imposed on the iteration step size coefficients C\ and C 2 of Eqs. (36) 
It can be seen that an optimal choice for CI, that would set X very close to zero in one iteration, is Cl~h/2.2. It may be noted from Eq. (33) that the arclength step-size increases monotonically into the "tail regions" of the triple-flame. Equation (A2) suggests that the iteration step-size may then be increased proportionally in order to optimise the rate of convergence. 
Temperature residues
is found for the residue. Interestingly, this expression is independent of h, which is intuitively correct since the temperature calculated at any fixed distance behind the flame should tend to be invariant to the small arclength step-size h. In this case, using Eq. (39) to determine the size of any iterative change, the scheme becomes numerically stable if o < C, < 4,
with an optimal choice being C,~2. This scheme can thus be seen to have certain advantages over the former approach, in that there is no apparent reason to limit the iterative step size when a finer discretisation (smaller h) is called for. Also, it does not rely on numerically relatively slow matrix manipulations.
B ASYMPTOTIC ANALYSIS FOR LARGE B
The zone occupied by the premixed flame sheet becomes asymptotically thin for large values of B. One may then consider all reaction to be restricted to a vanishingly thin 
where I' = (r -x)'/2 and r = (x 2 + /)'/2. This solution contains a square-root singularity at the origin of the form Here W(~) = BW(~) and It;is the complex unit tangent in the v + k; plane. This problem is identical to one solved by Dold et al. (1991) in studying the response of tripleflames to straining in a counterflow geometry that would produce values of B of order p. H is shown in that article that for large values of v + it;
where the constant of proportionality L(S, Q) is derived from the solution for the name-path v + it; = W(~). Equation (B6) involves the same square-root singularity as Eq. (B6). Thus, in matching these two, we may deduce the asymptotic behaviour of the propagation speed Vat large values of B to be
Interestingly, by solving the problem (B5) Dold et al. (1991) found that there is a relatively weak functional dependence of L(S, Q) upon the value of S, although there is a significant dependence upon the reaction function Q. Indeed, these results are consistent with the numerical results shown in Figures 5 and 6 . In the symmetric case,
